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C. Jarvis,61 R. Jesik,43 K. Johns,45 C. Johnson,70 M. Johnson,50 A. Jonckheere,50 P. Jonsson,43 A. Juste,50 E. Kajfasz,15
A. M. Kalinin,36 J. M. Kalk,60 S. Kappler,21 D. Karmanov,38 P. A. Kasper,50 I. Katsanos,70 D. Kau,49 V. Kaushik,78
R. Kehoe,79 S. Kermiche,15 N. Khalatyan,50 A. Khanov,76 A. Kharchilava,69 Y. M. Kharzheev,36 D. Khatidze,70 T. J. Kim,31
M. H. Kirby,53 M. Kirsch,21 B. Klima,50 J. M. Kohli,27 J.-P. Konrath,23 V. M. Korablev,39 A. V. Kozelov,39 J. Kraus,65
D. Krop,54 T. Kuhl,24 A. Kumar,69 A. Kupco,11 T. Kurča,20 J. Kvita,9 F. Lacroix,13 D. Lam,55 S. Lammers,70
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We present a search for direct CP violation in B ! J= K decays. The event sample is selected
from 2:8 fb1 of p p collisions recorded by D0 experiment in run II of the Fermilab Tevatron Collider. The
charge asymmetry ACPB ! J= K  0:0075 0:0061stat  0:0030syst is obtained using a
sample of approximately 40 000 B ! J= K decays. The achieved precision is of the same level as
the expected deviation predicted by some extensions of the standard model. We also measured the charge
asymmetry ACPB ! J=   0:09 0:08stat  0:03syst.
DOI: 10.1103/PhysRevLett.100.211802 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh, 14.40.Nd
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This Letter presents a study of the charge asymmetry in
the decay B ! J= K, which is defined as
 
ACPB!J= K

NB!J= KNB!J= K
NB!J= KNB!J= K
:
A nonzero value of ACPB ! J= K corresponds
to direct CP violation in this decay. In the b! sc c tran-
sition (charge conjugate states are assumed throughout),
the tree-level and b! s penguin amplitudes have a small
relative weak phase, argVcsVcb=VtsV

tb	. Therefore, the
standard model predicts a small ACPB ! J= K 

0:003 [1]. Thus, the measurement of ACPB ! J= K
is an important way of constraining those new physics
models which predict an enhanced value of this asymmetry
[1–3].
In b! dc c transitions, on the contrary, the relative
phase between the tree-level and b! d penguin ampli-
tudes, argVcdVcb=VtdV

tb	, is expected to be significant
so that direct CP violation may be of the order of 1% [4,5].
Decays governed by the b! dc c transition have already
been explored by the Belle Collaboration [6] and the
BABAR Collaboration [7]. Here, we report a complemen-
tary measurement of the direct CP-violation asymmetry in
the b! dc c transition using the decay B ! J= .
The D0 detector is described in detail elsewhere [8]. The
polarities of its solenoidal [8] and toroidal [9] magnets are
reversed regularly during data taking, so that the four
solenoid-toroid polarity combinations are exposed to ap-
proximately the same integrated luminosity. The reversal
of magnet polarities helps to reduce the detector-related
systematic effects in asymmetry measurements and is fully
exploited in this study.
The decay B ! J= K with J= !  is
selected from 2:8 fb1 recorded by D0. Each muon is
required to be identified by the muon system, to have an
associated track in the central tracking system with at least
two measurements in the silicon microstrip tracker, and a
transverse momentum pT > 1:5 GeV=cwith respect to the
beam axis. At least one of the two muons is required to
have matching track segments both inside and outside the
toroidal magnet. The dimuon system must have a recon-
structed invariant mass between 2.80 and 3:35 GeV=c2. An
additional charged particle with pT > 0:5 GeV=c, total
momentum above 0:7 GeV=c, and at least two measure-
ments in the silicon microstrip tracker, is selected. This
particle is assigned the kaon mass and is required to have a
common vertex with the two muons, with the 2 of the
vertex fit being less than 16 for 3 degrees of freedom. The
displacement of this vertex from the primary interaction
point is required to exceed 3 standard deviations in the
plane perpendicular to the beam direction. The primary
vertex of the p p interaction is determined for each event
using the method described in [10]. The average position of
the beam-collision point is included as a constraint.
From each set of three particles fulfilling these require-
ments, a B candidate is constructed. The momenta of the
muons are corrected using the J= mass constraint. To
further improve the B selection, a likelihood ratio method
[11] is applied. The details of the B selection can be
found in [12]. All B candidates satisfying the selection
criteria are used for this analysis.
The resulting invariant mass distribution of the J= K
system is shown in Fig. 1 with the result of an unbinned
likelihood fit to the sum of contributions from B! J= K,
B! J= , and B! J= K decays, as well as combina-
torial background (BKG). The mass distribution of the
J= K system from the B! J= K hypothesis is parame-
trized by a Gaussian function with the width depending on
the momentum of the K candidate. The parameters of this
dependence are determined directly in the fit. The mass
distribution of the J=  system from the B! J= 
hypothesis is parametrized by a Gaussian function with
the same width. It is then transformed into the distribution
of the J= K system by assigning the kaon mass to the pion.
The decay B! J= K with K ! K, where the pion is
not reconstructed, produces a broad J= K mass distribu-
tion with the threshold near mB m. It is parame-
trized using the Monte Carlo simulation. The combina-
torial background is described by an exponential function.
The fractions of the J= K, J= , and J= K signal
depend on the kaon momentum. The Monte Carlo simula-
tion shows that this dependence can be modeled by the
same polynomial function with different scaling factors for
J= K, J= , and J= K fractions. The coefficients of the
polynomial and the scaling factors are determined from the
fit. The B! J= K signal contains 40 222 242stat
events, while the B! J=  signal contains 1578
119stat events.
To measure the charge asymmetry A between the
J= K and J= K final states, both physics
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FIG. 1 (color online). The J= K invariant mass distribution
together with the result from the unbinned likelihood fit (the
undivided sample).
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and detector effects contributing to the possible imbalance
of events with positive and negative kaons must be taken
into account. One physics source of asymmetry is direct
CP violation in the B ! J= K decay. In addition,
forward-backward charge asymmetry of events produced
in the proton-antiproton collisions can also be present.
Detector effects can give rise to an artificial asymmetry
if, for example, the reconstruction efficiencies of positive
and negative particles are different. However, a positive
particle produces the same track as a negative particle in
the detector with reversed magnet polarity. Therefore,
essentially all detector effects can be canceled by regularly
reversing the magnet polarity.
Following the method applied in [13,14], the event
sample of Fig. 1 is divided into eight subsamples corre-
sponding to all possible combinations of the solenoid
polarity   1, the sign of the pseudorapidity of the
J= K system   1, and the sign of the kaon candidate
charge q  1. In each subsample, the number nq of the
events in the contributing channels, J= K, J= , and
J= K, is obtained from the unbinned likelihood fit to
the mass distribution mJ= K using the same likelihood
function as for the whole sample. All parameters of the fits
apart from the fractions of the J= K signal, the J= 
signal, and the J= K signal are fixed to the values deter-
mined from the fit to the whole sample.
The number of events in the J= K and J=  channels
for each q subsample are used to disentangle the phys-
ics asymmetries and the detector effects. The nq can be
expressed through the physics and the detector asymme-
tries as follows [13]:
 nq  14N
1 qA1 qAfb1 Adet1
 qAq1 qAq1 A: (1)
Here N is the total number of signal events,  is the
fraction of integrated luminosity with solenoid polarity 
(    1), A is the charge asymmetry to be measured,
Afb accounts for possible forward-backward asymmetric B
meson production, Adet is the detector asymmetry for kaons
emitted in the forward and backward direction, Aq ac-
counts for the change in acceptance of kaons of different
sign bent by the solenoid in different directions, Aq is the
detector asymmetry, which accounts for the change in the
kaon reconstruction efficiency when the solenoid polarity
is reversed, and A accounts for any detector-related
forward-backward asymmetries that remain after the sole-
noid polarity flip. We apply a 2 fit of Eq. (1) to the number
of events in all subsamples and extract all asymmetries and
the total number of events in the J= K and J=  channels
together with the fraction of events with positive solenoid
polarity , which is constrained to be the same for both
channels. Results are presented in Table I. The charge
asymmetry between B ! J= K and B ! J= K is
measured to be AJ= K  0:0070 0:0060, and the
charge asymmetry between B ! J=  and B !
J=  is found to be AJ=   0:09 0:08. The
detector asymmetries are all consistent with zero, since
the acceptance of the charged particles of different sign
inside the solenoid is the same. However, we measure these
asymmetries directly and do not rely on assumptions. The
forward-backward asymmetry is also consistent with zero,
as expected in the standard model. As a result of the fit, the
measured asymmetries show different degree of correla-
tion, with the largest correlation, 0.83, being obtained
between A and Aq. The presence of correlations between
the asymmetries is directly reflected in the statistical un-
certainties of the measurement.
In addition to the detector effects, the charge asymmetry
AB! J= K is affected by the difference in the interac-
tion cross section of K and K with the detector material
[15], which is due to the fact that the reaction KN ! Y
(where Y are hyperons , , etc.) has no KN analog. The
difference in the interaction cross section results in a lower
reconstruction efficiency ofK and a negative kaon charge
asymmetry AK  NK  NK	=NK  NK	,
which shifts the AJ= K asymmetry. The kaon asymme-
try is measured directly in data by comparing the exclusive
decay c! D ! D0, D0 ! K and its charge
conjugate. It is expected from theory that there is no CP
violation in the semileptonic D0 decays [16]. The possible
CP-violating effects in B! DX decays are estimated to
give a negligible contribution. Therefore, the observed
asymmetry is only due to kaon reconstruction. The decay
of D produces a clear peak in the mass difference, m 
mK mK. Its width depends on the mass
mK. An example of the m distribution for 1:6<
mK< 1:7 GeV=c2 is shown in Fig. 2. The combinato-
rial background under the peak is determined using events
where all three particles (muon, kaon, and pion) have the
same charge. It is rescaled to match the number of signal
events in the m region outside theD peak and subtracted
from the total number of events in the mass band under the
D peak. The width of this band is varied depending on the
mass of the K system to ensure maximal signal
significance.
TABLE I. Physics and detector asymmetries for J= K and
J=  channels.  is constrained to be the same for both
channels.
J= K J= 
N 40 217 243 1577 118
 0:5060 0:0030
A 0:0070 0:0060 0:09 0:08
Afb 0:0013 0:0060 0:04 0:09
Adet 0:0033 0:0060 0:21 0:08
Aq 0:0050 0:0060 0:02 0:09
Aq 0:0001 0:0060 0:19 0:08
A 0:0030 0:0060 0:05 0:08
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The detector charge asymmetries are disentangled from
the kaon asymmetry using the same detector model of
Eq. (1). To account for the momentum dependence of the
kaon cross section [15], the kaon asymmetry is measured in
different bins of kaon momentum pK, as shown in Fig. 3.
The obtained asymmetry is convoluted with the kaon mo-
mentum distribution in the B! J= K decay giving the
kaon asymmetry in the B! J= K decay AK 
0:0145 0:0010. Finally, we obtain ACPB !
J= K  AJ= K  AK  0:0075 0:0061stat.
The systematic uncertainty of ACPB ! J= K is
estimated as follows. The systematic uncertainty from the
unbinned fit of the J= K invariant mass distribution is
estimated by varying the parameters fixed during the fit
in the q subsamples by1, and is found to be 0.0002.
The systematic uncertainty from the choice of the fitting
range is found to be 0.0004. The shape of the J= K
contribution to the likelihood function is parametrized
using the Monte Carlo simulation, and therefore produces
an uncertainty in the number of signal events. We repeat
the fit with different models of J= K contribution, in-
cluding a model without any such contribution. The maxi-
mal deviation in the resulting asymmetry is found to be
0.0025, which is taken as the systematic uncertainty from
this source.
To measure the kaon asymmetry in the detector, we
subtract the combinatorial background under the D peak
(see Fig. 2, dashed line). To estimate the uncertainty from
the background definition, we select the background from
the events with the pion charge opposite to that of the muon
and the kaon, and recalculate the kaon asymmetry. The
resulting deviation in ACPB ! J= K is 0.0008. Also,
the sample used to measure the kaon asymmetry contains a
contribution of D0 semileptonic decays without a charged
kaon in the final state. They are taken into account assum-
ing the same selection efficiency as the dominant D0 !
K decay. To find the impact of this assumption on the
result, we repeat the measurement of the kaon asymmetry
assuming a zero reconstruction efficiency for additionalD0
decay modes. The resulting deviation in ACPB !
J= K is 0.0005. To estimate the systematic uncertainty
from the choice of pK bins (see Fig. 3), we repeat the
convolution with coarser binning. The resulting deviation
in ACPB ! J= K is 0.0014. After adding all contri-
butions in quadrature, the total systematic uncertainty on
ACPB
 ! J= K is 0.0030, which is dominated by the
uncertainty from the J= K modeling.
The systematic uncertainty of ACPB ! J=  is
estimated similarly to that of ACPB ! J= K. The
only sizable contributions are 0.01 from the variation of
the fitting range and 0.02 from the J= K modeling. The
total systematic uncertainty is 0.03.
In conclusion, the direct CP-violating asymmetry in the
B ! J= K decay is measured to be ACPB !
J= K  0:0075  0:0061stat  0:0030syst,
which is consistent with other measurements [17–19], as
well as with the world average, ACPB ! J= K 
0:015 0:017 [15], but has a factor of 2 improvement
in precision, thus providing the most stringent bounds for
new models predicting large values of ACPB !
J= K. The direct CP-violating asymmetry in the B !
J=  decay is measured to be ACPB ! J=  
0:09 0:08stat  0:03syst. Our result agrees with
the previous measurements of this asymmetry [18,20]
and has a competitive precision.
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